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Abstract. The maximum e:o.:nclion rate of ;o.,IH 4 tJQ nmnl mg dry wt "I h " I was Jircctly measured (01 

DtlphnitJ pllll'x hy measuring NH4 ,1I,:l'umulalinn in bottles containing D, pU/I'X and dense, "atiating suspen 
sions <lf heat-killcd algae. AmmlOiullI release rales in the algal 'lIspensinos were compared In those of indivKlua 
animals removed fmm the suspension and placed in !low cel ls. Ammonium release rale. R (nmol mg Jl) 

wt " I h 1), inlhe fluw cell dccreaso:d very rapidly with time, I (min), after removal according to the rcla 
tion R "" 26 + 25e ' lI .lI"' . Ammonium \!xl'relion obtained by the Ilow cell method after e :llIrapolation 10 tjlll( 
Len> was not ~jgniflCantly different from that obtained in the ~)(tles . lbe considerable experiment-to-experimelll 
variation in NH4 e:o.:cn: tion was in large part !.:nrrelated /,2 = 0.73) with the feeding rate on the algae . 

A large percentage of nitrogen excretion in zooplankton and other animals can result 
from immediate catabolism of ingested proteins (e .g. Brody. 1945; Warren and Davis. 
1967: Corner el a[. , 1972: Lehman . 1980: Gardner and Scavia. 1981 : Bidigare. 1983: 
Roman, 1983), Thus nitrogen excretion should be measured as a function of ingestion 
rate of food . For herbivorous zooplankton, nitrogen excretion has never been directly 
measured correctly and unambiguously for zooplankton feeding in suspensions of their 
food . algae. because of immediate sequestering of excreted nitrogen by the algae (e.g. 
Takahashi and Ikeda. 1975: Lehman. 1980; Gardner and Scavia. 1981). Two promis
ing approaches to circumvent this problem have been those of Lehman (1980) and Gard
ner and Scavia (1981). Potential difficulties of the Lehman (1980) method are the great 
labor and skill requisite for determining both algal and zooplankton nutrient kinetics 
and the assumptions implicit in Ihe model that describes interactions among nutrients, 
algae and zooplankton. In the Gardner and Seavia (1980) flow-cell method. a zooplankler 
is taken from its suspension of food and placed in a small (0.05 mI) flow cell, where 
nutrient accumulalion is measured at to-min intervals over time . Nutrient release rate 
in the food suspension is estimated by extrapolation back to time zero because it decreases 
with time after removal of the organism from food. This method would appear to be 
ideally suited for determining nitrogen excretion for individuals but not as useful for 
populations since many individuals' rates must be measured to get a population estimate. 
Potential artifacts in this method for some zooplankton could be (i) handling and con
tainment effects and (ii) differing release pallerns in the presence and absence of food 
thai cannot be corrected by extrapolation back to time zero. 

As an alternative to these methods, we proposed that excretion rate could be directly 
determined by measuring nitrogen accumulation in bottles containing zooplankton and 
suspensions of heat-killed phytoplankton. In this paper we apply this approach to deter
mine the rate of NH. excretion and its relation to feeding rate of Daphnia pulex in 
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dense. satiating conccntr:..Ilions of algae. In addition. we evaluate (he assumptions implicil 
in Ihe Gardner and Scavia (1'181) mClhod by comparing NH, cxerclion (If z(~>planklor 
in suspensions or heal-killed algae wilh Ihal of zooplanklon in Ihe flow cell afler Ihei, 
removal from the suspensions. 

Methods 

Analytical tedmiques 

Ammonium and amino add l:onccntrations were dctermined by microtluorometri<. 
melhnds (Gardner, 1978: Gardner and Miller, 1981). The flow-cell melhod and measure· 
ment of NH. and amino acid release by zooplankton in the flow cell are described b} 
Gardner and Seavia (1981). To measure NH, and amino acid concenlralions in alga 
suspensions, I-ml subsamples were taken in separate prerinsed disposable syringes an( 
injected into the ammonium analyzer through a microsampJe-filtering device (GardneJ 
and Vanderploeg, 1982). 

Carbon concentrations of algae were determined on an Oceanography Internationa 
Carbon Analyzer (nondispersive infrared. COz-sensilive) following wet oxidation b} 
polassium persulfale and phosphoric acid (Menzel and Vaccaro, 1964) a195'C ror 4 t 
in sealed precombusled ampoules (Oceanography Inlernalional Corp., 1978). Alga< 
were eoncenlfaled on precombusled (400'C, 4 h) 25 mm Gelman AlE glass fiber tillers 

Assumptions of heat-killing method 

Proteins and nucleic acids arc the major components of cellular nitrogen, and of these . 
prolein accounts for 70-90% (Wheeler, 1983). Ammonium i. Ihe major end produc' 
of prolein and nucleic acid calabolism in zooplanklon (e.g. Comer el 01" 1972, 1976 
Harris, 1973: Gardner and Miller, 1981: Bidigare, 1983), The .ssumplions of !he melhoc 
are Ihat phytoplanklon freshly killed by short exposure 10 an increase in temperalu" 
would: (i) not take up or release NH,; (ii) have the same chemical composilion as liv< 
cells: and (iii) be eaten by zooplanklon. Moreover, Ihe killed algae should ideally b. 
eaten at the same rate as live algae 10 facilitate exlrapolation of nitrogen excretion fron 
a suspension of killed cells to a suspension of live cells of the same concentration. FOI 
filler feeders, like cladoeerans, feeding rale depends primarily on Ihe particle-size spec· 
lrum of food , assuming il is palalable (e.g. Christensen, 1973; Porter el al. , 1983) 
Thus another requirement of the method is that Ihe particle-size spectrum of algae usee 
as food be unaffecled by Ihe heat killing. 

Rapid heal-killing of Cyclolella 

Cultures of Cyciolella melleghiniana (Cullure CYOH2 of S.S.Kilham), grown in un· 
buffered WC medium (Guillard and Lorenzen, 1972) at 15°C at a light intensity 0 : 

-70 mieroeinsleins m- 2 s-, on. 16:8 L:D cycle, were cenlfifuged in 300-ml tube, 
al 2000 revolutions min -, and Ihe supernalanl siphoned off to produce - 15 mI of con· 
cenlfaled suspension . Enough hot (85 -95 ' C), double-Slfength NOPN mediurr 
(Lehman, 1980), DNOPN , was added to the coneenlrate to bring illo 65'C. The suspen· 
sion was held al that temperalure in a water bath for 5 min to ensure thai the cell! 
were killed. Then Ihe suspension was quickly cooled to 20·C by adding Ihe appropriat. 
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amoUllt of cold (5 - lOoC) DNOPN mediulll. To rL':m()Ye any traces of NH4 t)r amin< 
acids that may have neen in the culture.: or rnay havc leaked from the celb during hea 
killing . the cells wae ce ntri fllged and washed once or twil.'1.! in DNOPN Illcliium . 

E;qx~riments showed that the implicit assumptinns Ill' the method were l'orrcct. Heal 
killing resulted in no release of NH. and only insignifil'ant tr;.lcc amounts of amim 
acids thai werc removed by wa~h ing. Wa:-,hed . heat · killed cells suspcmlcd in DNOPr-. 
IIlcli ium neither re leased am ino ac ids nor took up NH" over 24 h al ,:woC, Carbon con· 
centration after hcat killing !x ± SE(4) ::; 1.95 ± 0.23 x 1O - 7 ,ug,am ' 3 J was no 
signilicantly Jiffercnt froml hat of live ("dO/el/a [x ± SE(4) = 2. H9 ± 0.34 X 10- ' 
p.g Itm - ]1. Coulter analyses (Model TA II Coulter ((lunter) showed that the ~ize spec· 
trum of ()'e/old la was un( hi.ngcd by hcat·killing and centrifugat ion 24 h arre r killing 
Thi s was not true for the green <.tl gac tes ted (Scelledt>sl11lH. ChlamycJmnonas an( 
Chlarella). which lended to dump. Mi\: roscopic examination of C meneghin;ana 24 t 
after he<.tt-killing showed that the cdls remained intac t: however. they had lost somt: 
of thei r green color and had a slighlly hmwn tint. 

Z()()plunklon culture 

Stock cultures of D.pulex were grown under continuous light ~ l 20°C in we medium 
with phosphate at one-half strength and TES IN-tris(hydroxymethyl)methyl-2-amino
ethane sulfonic acid] at 80 mg 1-1 as buffer (P .Rago. personal communication). 
Chlamydomonas reinhart/Ii saved as food. For I week before the experiments. selected 
D. plIle.'C were well fed by maim<.tining algal concentrations at -3-10 mm 3 I-lithe 
incipient limited (.'oncentrarion was - 1.2 mm] I - I (Geller. 1975)]. This was done to 
ensure thal the animals woulJ be healthy and physio logically aJapled to feeding in dense 
algal concentrations. 

Ammonill," excrefion exp(' ri'''l'I!l.\' 

Daphnia pulex were preconditioned for J day with heat-killed algae prior to the experi· 
ment by placing - 15 of them in a I I bottle of a suspension of heat-killed 
C mel!egiJinona at the same initial (,.'onccntration (5- 15 mm l I - I) to be used in the 
experiment the next day. The bottles were rotated on a wheel at 0.5 r.p .m. in con· 
tinuous dim light at 20°C during the preconditioning period and the experiments that 
t(Jllowed. 

Just prior to the experiments. a suspension (500 ml) of freshly heat-killed C. meneg
hiniana was made in DNOPN. Animal s were sorted according to size. egg number 
and deve lopment stage. If possible. females carrying early stage embryos were used . 
This was done to avoid low feed ing rates (Christensen. 1973) and low nutrient release 
rates (Scavia and McFarland. 1982) in fe males carry ing slage III e mbryos_ It also pre
cluded the elevated nutrient re lease rates fou nd during ecdysis (Scavia and McFarland. 
1982), 

The experiments to measure NH4 release and fceding in bottles were conducted like 
traJitional feeding experime nts (e.g. Frost . 1972 ; Vanderploeg. 1981 . Vanderploeg 
el al .. 1984) w ith added ammonium measurements, The heat-killed algal suspension 
was poured among seven 28· ml bottles: Iwo served as initial·concentration controls. 
two served as final ·concentration controls and three. each containing 1 - 3 D. pulex, 
served as experime ntal bottles. Before pipeuing the animals into the experimental bot· 
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Iks. they Wt'rc pipelfe4-1 fir~( into a 250-ml beaker or DNOPN III minimize t'arry-over 
of ammonium from the pn:rc~Jing hOHlc . Final scic('tion o f animals for an expcrim~nl 
wa~ done during this rins~ stage. Both algal and ammonium concentrations were 
measured at the beginning and ~nd of (he 4-h experiment in a manner appropriate te 
(rad itional expcrimcl1lal design. In addition . initial ('oncentration of NH, was also deter
mined in the cxperimcntal bottles immcdiately after addition of animals to detect tracc~ 
Ilf NH, pipcttcd in wi th the loopl<.inkton and possible spurts asso('.' iatcd with handling . 
A T A-II Couher counh: r wa~ used 10 measure particle cont'cnlration (Vam.lcrpJoeg ('. 
al . . 1984). Frost 's ( I tJ72) equal ions were applied to each channel of the Couher countel 
hl determine feeding rate as lotal viliume of partk:lc.:s ('onsumcd (Vanderploeg. 1984) 
This measure. net feeding rate (Vanderploeg. 1981). corresponds to assimilation rat( 
! = digestion rate (Christensen. 1973)] - i.c. particle volume ingcsted minus tha 
cgcsted- for cladot.:erans since they produt.:e diffuse feces that would be rc('orded b) 
the Coulter counter . 

The time pcrind hctwecn muking initial and final mcasurements on the 4-h duratim 
boule experiments allowed us to make sequential I-h long tlow-cell lime histories Of 

three animals . To provide ft:cding conditions for flow-cell animals identical to those 
in the bottle experiments, one animal was taken from each of the three bottles fille( 
with the same cont'cntratinns of heat-killed algae and animals as in the bottle experiments 
Animals in the bottle and flow-cell experiments were paired as much as possible witt 
respect to size and embryo stage and number . In all experiments. algal conccntratiOl 
was above the incipient limited concentration. 

To evaluate the physiological condit ions of the animals the L-O <lipid-ovary) inde, 
(Tessier and Goulden. ItJ82) . a semiquantitative measure of lipid deposition. was record 
cd at Ihe end of all but one experiment along wilh embryo number . Both mean numbe 
of embryos per female and the L-O index were high: x ± SD for embryos per femalt 
was 12.1 ± 9.3 for an imal s having a mean ( ±SD) length exclusive of tailspine 0 

2.6 ± 0.3 mm; the .r ± SD for the L-O index was 2.4 ± 1.3. a very high valll< 
(Tessier and Goulden. 1982) . Variability in the L-O index is expected since fat deposi 
tion and ovary development of the female increase with age of the embryos carried 
All females carrying o lder embryos [Stage 11 or III o f StTOSS e1 al. (1961)] had an L-( 
index greater Ihan 2 . Thus. the L-O index indentified no individuals ahat were in poo 
physiologicaJ condition . 
Predicted feeding rale and weight of animals 
The feeding rate-length relation for 20°C found by Geller (1975) for D. pulex feedin: 
on small algae at concentrations above the incipient limiting concentration was USCI 

to predict feeding ratc (.um3 animal-I h- 1
) of individual D. pulex on live C. meneg 

hiniana for comparison with observed fceding rate on heat-killed C. meneghiniana 
To normalize NH .. excrclion rates to dry weight. Lampert's carbon content-Iengt 

relation [given in Geller (1975)] was used to convert length to carbon conten!. Dr 
weight was assumed to be 2 . .5 x carbon content . This method was used instead of dire( 
weight measurement for (WO reasons. First . it allowed comparison with a few e>: 
periments for which dry weights were not obtained. Second. use of this relation smooth 
nul differences in weight caused by varying lipid contents and embryo number. Lipid 
do not contribute to the animal's NH, excretion. and embryos. which do not feed, rna 

344 



, \IIIIIIUIIIUIII r~le1tM! oy It.N1ptaUKum 

ha .... e a inwCf wdght-spcL·itk NH.( ex-cretinn rale . Mean dry weight of our anil11al~ 
[0.124 ± O.(XJ8(30) mg] was nearly io\!ntil'aJ to that predich:d by Lampert's rclatior 

IO . I~7 ± O.OIOI2X) IIlgl . 

Results 

Flm\··u ,/J time trends 

Time histories of individual D. plllex in the !low cell for each experiment are shown 
in Figure I along with results from the bottle experiments for comparison. Mean result~ 
for all experiments. whether with fed or ~(arved animals. are shown in Figure 2 . Gard
ner and Scavia (1981) shuwed that. for the mean results of many experiments with 
individual Daphnia max"u. ammonium release (£,) in the flow cell followed the empir· 
ical relation with time (I) 

E, ; £,.. + E(O)! exp( - k/). ( I ) 

where Em = steady-state release due to endogenous ammonium excretion. £(0)/ = 
release of ammonium from digested and metabolized food at lime zero (at time of 
removal from food) and k = coefficient relating the decrease to time. Moreover. they 
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Fig. I. Time histories of NH. ex\:retion by individual Daphnia pulex (lines connecting dOls) in the Ilo~ 
celt fo r experiments run on different dates. Each graph (labeled by a different leiter , a-m) represents an 
experiment run un a particular date between Marc.:h 1982 and Augusl 1983. Solid lines connecting points 
repreiCnf results for animals fed above the incipient limiting concemration: dotted lines indicate results for 
animals starved for 1-2 days. The open circles on the ordinates are the time-zero extrapolations from the 
mean values of NH. excretion for the first two time points. The asterisks on the ordinates show the cor
responding mean values of ammonium excretion determined in bottles containing the heat· killed algae . 
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Fig. 2. Upper curve: Mean ( ± SE. n = 10) time history of ammonium excretion in the flow cell experiment 
for Daphnia pulex fed above the incipient limiting concentration. The open drde (±SE) on the ordinat, 
is the mean of the extrapolated estimates of time-zero excretion for individual experimems. The asterisl 
is the time-zero extrapolation determined from the mean results for the first two time points. The solid lin, 
is the fit of equation (I) to the data points (from lime ~6 min). Lower curve: Time history for experiment 
( ± SE, n = 3) in which animals were starved for 1 or 2 days. The dotted line shows mean results of al 
time (2:6 min) points. Symbols are the same as those on the upper curve. 

suggested that excretion in the flow cell could he extrapolated back to time zero b~ 
using data from the first two time points. Equation (I) was fitted by nonlinear regres 
sion to the mean results for fed animals in Figure 2. In addition, exponential extrapola 
tion of results for 6 and 16 min was used to do the time-zero extrapolation for the meal 
of replicates of each experiment with fed D. pulex in Figure I and for correspondinl 
overall mean results in Figure 2. 

Equation (I) appears to give a reasonable fit to the mean results for fed animals (Figun 
2). Flow-cell trends for starved D. pulex showed relatively constant values over timl 
(Figures I and 2), as expected. However, it is unlikely that the experiments with fo< 
animals were run long enough to provide a good estimate of Em because results fo 
the starved animals are considerbly lower. The mean of all time points for the starve< 
animals is significantly lower than the mean of the last four time points of the fed animal: 
(Figure 2) at the P < 0.01 leveL Gardner and Scavia (1981) took the ammonium excre 
tion rate obtained for D. magna at 70 min in the flow cell to be a reasonable estimatl 
of Em since ammonium excretion in starved animals was the same; however, since thei: 
animals were starved for only 3-5 h, both estimates may have been too high. Ammon 
ium excretion rate by the marine copepod Eucalanus pileatus continued to decreas( 
in the flow cell during the 6-h time interval it was measured (Gardner and PaffenhOfer 
1982). 

For fed D. pulex, many individual flow-cell time histories (Figure I) show a rapi, 
initial decrease in ammonium excretions followed by a leveling off with time that h 
consistent with equation (I). However, not all animals exhibited this pattern, and then 
was considerable variation among experiments run on different dates in both absolutt 
amount of ammonium excretion and shape of the curve (Figure I). Random-effect! 
analysis of variance (e.g. Scheff!!, 1959. pp. 221-227) of ammonium excretion at eact 
time point showed that variance [using the V ARCOMP procedure developed at SM 
(SAS Institute Inc., 1982) 1 among experiments run on different dates was significantil 
greater (P < 0.01) than that for replicates within experiments. 
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Fig. 3. Linear regress ion of flow-cell ammonium excretion at time zero ver~us bottle ammonium excretion 
The closed circles indicate results for fed animals and the open circles indic ::lIe results for starved animals 
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.;ig. 4_ Fit of exponential equation to excretion rate versus feeding rate data (closed circles ) for Daphnia 
pulex fed above the incipient limiting concentration. For comparison. excretion rates of starved animals (open 
circles) are plotted. 

Bottle and flow~cell comparison 

Because of the considerable variation in the excretion versus time response of individual 
animals . which could not be described by equation (I) . equation (I) could nOl be used 
to make a meaningful estimate of the time-zero excretion rate from the mean results 
(of two to three replicates) of an experiment. Instead, the mean results of the 6- and 
16-min observation times were extrapolated back to time zero by assuming exponen
tial decrease with time . Figure I shows that the flow-cell results compared well with 
that of the bottle results . Respective means [± SE(N») for all bottle and flow cell ex
periments were 38_7 ± 5.4(10) and 39.2 ± 4.5(9) for fed animals. and 20.4 ± 3.5(3) 
and 19.2 ± 1.9(3) for starved animals. Because we carefully paired our bottle and 
flow-cell experiments, and because there was considerble variation among experiments. 
a paired ( test was used to compare flow-<:ell (f) and bottle (B) e.cretion rates. The 
paired (test, done both on the difference F-B and on (FlB)-I. indicated no signifi
cant differences (P > 0 .05) between the two methods. The time at which the flow-cell 
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Table I. Carbon assimilation rates, N as~imilation rates (A) anu NH4 cxt:rction ratc~ (I:.) of well-feu (i.e 
above incipient limiting concentratiun) aou ~Iarved D. pI/lex e_"(pre~.~ed a~ percentage of hody content of CorN 

Experiment Carbon A , .. AlE 
assimilation rate (% Jay ~ , ) (% day " 
(% C day ') 

Starved 0 0 7.01 () 

Fed 57.8 41.6 1J.3 112 

As~umptions: (i) carbon content of zooplankton = 0.4 x dry weight; (ii) C/N mass ratio of diatoms = 

5.70 [from mean for .~pecies reported by Parsons ct al. (1961)]; and (iii) C/N mass ratio of lOoplanktol 
.== 4.1 [from zooplankton of Buzzards Bay (Roman. 1980)]. 

results first became significantly ditTerent (P < 0.05) from the bottle results was showr 
by paired t tests to be 16 min. By 16 min, excretion rate had fallen to 28.19 nmol m~ 
dry wt- 1 h- 1, a value 73 and 72% of the respective values of the bottle results ane 
the time-zero extrapolations. Linear regression of time-zero extrapolation of flow eel 
results versus bottle results corroborated results of the paired t tests (Figure 3); th' 
intercept was not significantly (P > 0.05) different from zero and the slope was no' 
significantly (P > 0.05) different from I. 

Ammonium excretion and feeding rate 

We were curious whether the broad range of ammonium excretion values for fed animal5 
in Figure 3 was correlated with feeding rate. Consequently, excretion rate versus feedin~ 
rate data were plotted in Figure 4. An exponential model was arbitrarily chosen to fil 
the pattern of the data. The r' value of 0.73 for the tit shows that ammonium excretiar 
rate increases with feeding rate. Although there was considerable variation in feedin~ 
rate among experiments, the mean feeding rate for heat-killed algae was nearly iden
tical to that predicted by Geller's (1975) equation for live algae; respective values werf 
3.10 ± 0.605(10) x 10' and 3.00 ± 0.189(10) x 10' I'm' mg dry wt- 1 h- 1 Thw 
the variability in feeding rate does not appear to be a function of hypothetically varyin~ 
food quality of different batches of heat-killed algae. As expected, there was no cor· 
relation between feeding rate and algal concentration. which was above the incipien1 
limiting concentration. 

The data were examined further to determine if either weight-specific feeding ratt: 
or weight-specific NH. excretion was related to stage of embryos carried (e.g 
Christensen, 1973), embryo number (Zanaki, 1983) or animal weight. Neither mear 
weight-specific feeding rate nor mean weight-specific NH. excretion rate variec 
significantly among females carrying state I, II or III eggs. Linear regression showe<: 
no correlation for either weight-specific feeding rate or weight-specific NH4 excretior 
rate with egg number per unit weight. This last result is not surprising because tht 
L-O index, which was very high for our animals, is a better monitor of physiologica 
condition in the recent past than is egg number (Tessier and Goulden, 1982). Lineal 
regression showed that both weight-specific feeding rate and weight-specific NH. ex· 
cretion were negatively correlated with animal weight. Although these regressions weT( 
significant (P < 0.05), respective r' values for the feeding-rate and NH,-excretior 
regressions were only 0.22 and 0.23. Possibly age rather than weight could be a factOJ 
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operating here. since some of Ihe larger animals used in the study were very larg 
( - 3 mm) relative to the expected maximum size of D. pUlex . 

At the satiating algal concentration used in our experiments. assimilation of both ( 
and N was very high relative to their respective body contents (Table I). Assimila 
lion/excretion of N was 3. 12. a value that implies that most of the amino acids assimilate 
are used for protein synthesis ralher than being lleaminated for fOil synthesis or cataboliz 
cd. The observation that the NH. excretion of the fed animals is less than twice tha 
of slarved animals implies a relatively large endogenous excretion component. A largo 
endogenous excretion component of similar size was also reported for the marinl 
copepod Eucalar/Us pi/earlls (Gardner and Paffenhofer, 1982). 

Discussion 

The excellent agreement between NH" excretion for time-zero extrapolations of th 
flow cell and those in botles validates the flow-cell method, at least (or D. pulex. Thu 
the rapid decrease (27% in 16 min) in NH. excretion with time subsequent to remova 
from the algal suspension is not a handling artifact. but represents, as Gardner am 
Seavia (1981) claimed, a physiological response to removal from food, Apparently thi 
conclusion cannot be extended to all zooplankton. Gardner and Paffenhofer (1982 
reported that release rates in the marine calanoid copepod E. pi/eatus were elevate< 
during the first lO·min interval after removal from the feeding suspension and ther 
decreased slowly during the next four lO-min intervals in the flow cell, Since this drol 
was also observed for animals removed from filtered seawater 0 it must have been dut 
partly to handling . 

One goal of this study was to determine maximal NH. excretion rate by well-fe< 
animals. In Table n, estimates of NH. excretion per unit dry weight by Daphnia spp. 
are compared. Variable lipid composition, expected for Daphnia of different feedin~ 
histories (e .g. Tessier and Goulden , 1982; Tessier el al. , 1983), is a major difficult} 
in comparing NHt excretion among the studies. Lipids. although a major contributol 
to dry weight, are not part of the 'metabolic ' weight of the animal in that they are nol 
living cells that respire or excrete N, Vidal aod Whitledge (1982) recently underscored 
this point by showing that the metabolic rate of zooplankton is beller normalized te 
lipid-free dry weight than dry weight (or comparing taxa of different lipid contents, 
Either lipid-free dry weights or N contents would be suitable for comparisons of NH. 
excretion (e.g. Paffenhofer and Gardner, 1984). To facilitate comparisons in Table 
II, we have normalized NH. to measured dry weight and to dry weight predicted from 
lengths using Lampert' s (Geller, 1975) dry weight versus length relation for well-fed 
D, pulex. Lehman's (1980) NH. excretion rate for algae grown under nutrient suffi
cient conditions is twice OUT result when excretion is normalized to measured dry weight. 
However, when these results are normalized to Lampert's predicted dry weights, 
Lehman's results are lower than ours. Such a comparison is not possible with Gardner 
and Scavia's (1981) and Seavia and Gardner's (1982) results since they did not measure 
animal length, Another source of variation may be the number of embryos carried by 
Daphnia spp. The contribution of embryos to NH. excretion is not Jrnown . 

Much (73 %) of the considerable experiment-to-experiment variability we observed 
was correlated with feeding rate. This variability has also been seen for both NH. and 
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Table II. Ammonium excretion by Daphnia spp. feeding in suspension of food normalized to measured 
dry weight and to dry weight predicted by Lampert's length-weight relation (Geller, 1975) 

Ammonium excretion 
(nmol mg d~ wI "1 h -I) 

Species Reference Food wnditions Temperature Using Using 
IOe) measured predicted 

dry wi dry wi 

D. pulex Lehman (1980) live algae, nutrient 20 82.7± 13.6 31.4±5.2a 
.~ufficient 

D. pulex Lehman (1980) live algae. nutrient 20 35.9±4.7 13.64± 1.81 

deficient 
D. pulex Gardner and bacteria-soy flour 24-26 43 ±5(6) 

Scavia (1981) mixture 
D. pulex Present Mudy heat-killed algae. 20 39.1 ±4.4(lO) 38.7±5.4(10) 

~atiating 

l'onccnlration 
D. maRna Gardner and bacteria-soy flour 24-26 41 ±5(8) 

Scavia (1981) mixture 
D. magna Scavia and microbe - soy flour 20 80.5 ± 12.4(12) 

Gardner (1982) mixture 

aLcngth of animals was approximated by the mean (1.95 mm) of reported length range (1.7 - 2.2 mm). The 
weight predicted was 52 ~g, in contrast to the 20 Jig measured. Animals were feeding at approximately hal 
the maximum rate predicted by Geller's (1975) equations. 

po. excretion by D. magna subsequent to their removal from suspensions of live C. 
reinhardli (Scavia, Vanderploeg and Gardner, unpublished data). The challenge ot 
the future will be to determine whether this variability-both that portion correlated 
with feeding and that portion not-is caused by improper body weight measures, ex· 
cretion by embryos, age or subtle long-term feeding history effects not controlled fOl 
in our experiments. 

Measurement of NH. accumulation in suspensions of heat-killed aglae is an effective 
method of exploring the relation between NH. excretion and food ingestion rate. The 
heat-killed algae were eaten at the same rate as predicted for live algae, and the algae 
did not take up or lose NH. or significant quantities of amino acids during a 24-h period. 
It is possible the heat-killed algae could have a different odor quality or strength thai 
could affect their capture rate by certain zooplankton since both marine and freshwatet 
calanoid copepods actively capture large algae in response to the phycosphere of odO! 
around them (e.g. Alcaraz el al., 1980; Koehl and Strickler, 1981; Paffenhofer et at.. 
1982; Vanderploeg and Paffenhofer, 1985). Even if this were the case, NH. excretior 
could still be related to N actually ingested. Our method is not limited to pelagic 
zooplankton. It should be able to be applied to any consumer of phytoplankton or detritus, 
including benthic detritivores. 

Acknowledgements 

We thank Paul Rago for providing D. pulex to start our cultures and for advice on culture 
methods. We thank Susan S.Kilham for providing a stock culture of C meneghiniana, 

350 



Ammonium reie'dst by z~lpl8nklol 

Lynn Hcrche for statistical '-Idvict!. Jnd Donald Sea via and Iwo anonymous reviewer 
for comments on the manuscript. GLERL contribution no. 453 . 

References 

Ah;ara].,M . . Paffenhilll:r .G. A. and Strickler.J . R. (11J80) Catching the algae : a fjr~t account of visualllbsci 
'lations in liiter feeding . In Kcrfout. W .C . h~d . ) . nit> f.\vl/ut;on tJ'ld EmloJ(\' o/Zooplanlaml Commun;ti,..\ 
Universi ty Press of New En¥land. Hanover. NH . pp. 241-248 . 

BiJigare .R. R. (19M3) Nitrogen <!lti:rction by marine zooplankton . In Carpenll!r,EJ . and Capone.D.G. (eds) 
Nitroge'n it' 'he Mar;flt' Enl·;ronment. Acadcmic Press. New Ynrk. pp . . \85 - ~09. 

Bnxly,S. (1945) B;ot!llt'rxe,in' and Growth. Reinhold. New York . 
Chri-"len.-.cn,S. ( 1973) Filtration. ingestion , and egestic)ns of different·sized algae hy Daphnia mal<na STRAUS 

Ph.D. Thesis, Yale Un iversity. New Haven. CT. 
Corner ,E .D.S . . Head .R.N. and Kilvington .c. .C. (1972) On the nutrition and f1l(tabolism of zooplankton 

VIII. The! grazing of fliddulphia L'CI! by lll/Ilnu.\ hefgofrmtiit"UJ. 1. Mar. Bioi. AHol". UK, 52. 847 - 861 
Corner.E .n.S .. H~ad.R . N .. Kilvingwn.C.C . and Pennycuid .. L. (1976) On Ihe nutrition and metabolisn 

of zuoplankton. X. QuaRlitativc asp«110 o f Calanus helgolllncli('us fecding as a carnivore. 1. Mar. BioI 
A.uOl". UK. 56. 345 - 358. 

Fmst.B. W. (1972) Effec;1 of size and concen,r-.. tion of food particles on Ihe fceding behavior of the marint 
planklonic copepod CuialluJ pal"ifil-us. Limnol. Oaanogr .. 17,805 - 815. 

Gardner.W.S. (1 978). Microl1uoromctric methud to measure ammonium in narural walers. Limnnl. Oaanogr. 
B. 1069 - 1072. 

Gardner,W.S. and Milh: r.W.H . . 111 (1981) Intracellular composition and nel release of free amino acids it 
Dtlphnill maxna. emIl. Fish. Aquat. Sd., 38, 157- 162 . 

Gardner,W.S. and Paffenhi)fer,G.-A . ( 11J82) Nitrogen regeneration by the subtropical marine copepoc 
Eucalanu.~ pilell1us. 1. Plankton Res .. 4, 725 - 734. 

Gardner.W.S . and Scavia.D. (1981) Kinetk el(amination of nitrogen release by zooplankters. Limnol 
OceanOf,(r .. 2), 801 - 810. 

Gardner . W .S. and Vandcrplc ... ·g ,H.A. (19R2) Mil.:rOSOlmple·filtering device ftlf lipid chrnmalogntphy or nO\~ 
injection analysis. AI/aIYI. Chern .. 54, 2129-2130. 

Geller,W. (1975) Die nahrungsaufnahme von Daphnia pul~x in abhangigkeit von der futterkonzentrat ion. 
der temperalur . del' korpergroesse und dem Hungerzusland der Tiere . Archiv. HyJmbiol. Suppl., 48. 
47-107. 

Guiliard .R.R.L and Lorenzen .C .J . (1912) Ycllow-gren algae with chlorophyllide t · . 1 . PhJ'(.·ol . . 8 . 10 - 24. 
Harris.R.p. (1973) Feedi ng. growth. reproduction and nitrogen utilization by the harpactacoid copepod. 

Tigr;opu.\· hre\'ic:ornis. 1. M(u. BioI. As.fo("' UK. 53. 785 - 800. 
KoehI,M .A .R. and Strickler.J .R. ( 1'J811 Copepod feeding currents; food capture at low Reynolds number. 

Limnol. Oceanogr .. 25, 1062 - 1073 . 
Lehman.J .T . (1980) Release and cycl ing of nutrients between pl anktonic algae and herbivores . Iiml1Ol. 

Oceanogr .. 25. 620 - 632. 
Menzel .D. W. and Vaccaro. R. F . (1964) The measurement of dissolved organic and paniculate carbon in 

seawater. Umnol. O("eanogr . • 9, 138 -/42 . 
Oceanography International Corp. (1978) Model 5248 Carbon AfUJiyzer Operating Manual. Oceanography 

Imernallonal Corp .. College Station. TX. 
Pa ffe nhOfer, G. -A . and Gardncr .W.S . (1984) Ammonium release by juveniles and adult fe males of the sub

tropical copepod EucuJanus pi/emus. 1. Plankton Res . • 6 , 505 - 513. 
PaffenhOfer ,G. -A .• Strickler.J. R. and AJcaraz.M. (1982) Suspension-feeding by herbivorus. calanoid copepods: 

a cinematographic study. Mar. Bioi., 67. 193 - 199. 
Parsons .T .R . . Stephens ,K. and Strickland,J.D.H. (1961) On the chemical composilion of eleven species 

of marine phytoplankters. 1. Fish. Res. Ed. Can . , 18. 1001- 1016. 
Porter, K.G .• Feig. V.S . and Veller.E.F . (1983) Morphology , flow regimes. and filtering rates o f Daphnia, 

Ceriodaphnia. and Bosminu fed natural bacteria . Decoiogia, 58. 156-163. 
Roman.M .R. (1980) Tidal resuspension in Buzzards Bay. Massachusetts, ilL Seasonal cycles of nitrogen 

and carbon: nitrogen ratios in the seslon and zooplankton. Esruor. Coast. Mar. Sci.. II, 9-16. 
Roman,M.R. (1983) Nitrogenous nutrilion of marine invertebrates. In Carpenter,EJ . and Capone.D.G. (eds), 

Nitrogen in 1M Marin, Em·ironmenJ. Acadmeic Press, New York, pp. 347-383. 

351 



H.A. Vanderph)eJl ~t al. 

SAS 'n.,lilule Inc ( I~X2) SA.\' User'.\' Guide : S/tlli.\·lit'.~ . /982 Edition. SAS In!\lilule Inc .. Cary, NC. 
SI.:J via,D. and GanJncr.W.S. (19K2) Kinctic!\ 1)1' nitrogen and phu!\phurus rclc;a!\e in varying food supplies 

hy {)oplmia 1I!11.fr:1I11. IIn /rohiuff/gi(/, 96, lOS - III. 
Sl,:avia, D . and M(.·Fa rlantl .M.J . i ,9X2l Phosphorus release palh:rns and lhe ene(.·ls of rcproducli ve sl3gc and 

ecdysis in DlIphnia IIUl!.UW. Cm J. f 'i.I"h. A4U(t(. Sd .. 39. UIO-1314 . 
Scheffc. H. (1959) '!he Allalvsi.\' (!{ Variance . John Wiley. New York. 
Stross.R J .. Ncess ,J .C . and Ha.~h:r . A . D. (1901) Turnover lime and reproJul.: lion ofplankhmic CrustaccOl 

in limed and reference poniuns ,If a bog lake. Ecology. 42 . 237-245 . 
Takahashi. M . and Ikeda . T . (1975) EXl'rctiun of ammunia and inorganic phosphorus by Euph(lu.fia pad/kG 

and Mt'trit/ia 1}(J("ij1l-CI at Jiffcren! ,;nncentrations Ilf phYlOplanklon , J. Fish. Res. &1. Gin., 3l . 21H9 -.2195 . 
l\: .... sie r.A J. and GCluldcn,C. E, ( 198.2) Estimating lill.,u limitation in l'laJoceran f)l.lpulations. VI/llml. O('('(ln()~r .. 

27 . 707 - 7\7 . 
T~ ..... ~il!r.A J .. Hc:nry. L.L. and GlluIJen ,C.E , (lYS3) Starvation in Dtll'lmia: ene rgy rese rves and rcpmJut.' · 

tlve a llocatinn . Vm""I. ()n·llll(W' . • 28. M7 - 676 . 
Vandl!rpioeg,H .A. (I 9H I) Sca.'ional particlc-.'iize sele(.'liun by Diapfo/11us .Ikifi.)· in offshore Lake Michigan 

Com . J. fish .. 4411(11. Sci .. J8 . 504 - 517. 
Vandcrplneg,H.A . and Paffenh6fcr .G.-A. (11.185) Mlxics of alga l r<l pture by the freshwate r \"opepod Diap 

fOmu.r .~i("ili~ and their rdation III fnod- .... ize \C!le(.·tion. Umnol. (R'l'llnOXr., )O, 87 1- 885 . 
VanJe rplo,: g ,H .A. , S4:avja,D. and LichigJ .R. ( 19K4) Feeding rale of Dillp,omu.\ ,Iicilis and its relatiun I< 

sclc(.'tivity and t.!ffective fonJ conct.!nlration in algal mixture and in La ke Mkhigan. J. Plankton Rf'.l., 6 
91 9 - 941. 

Vidal.J . and Whitledge. T .E. ( 1982) Rates of metabolism of planktonic crusta(.'cans as related to body weigh 
aniJ temperature of hahitat. J . PI(/nkton Rt's . . 4. 77 - 84 . 

Warren.C .E . and Davis,G .E . (1%7) Laboratory studies un the feeding , bic'lCne rgetics. and growth uf lish 
In Gerk ing,S .D . (cd . ), The Bioln,t:ica1 BW'i.\' (Jf Frt'.fhwalf'r Fish Prot/union. John Wiley. New Yurk 
pp . 175-214. 

Wheelcr. P .A. (1983) Phytoplankton nitrogen metabolism. In Carpenter.E .J . ::md Capone,D.G . (cds), Nirmg('J 

in the Marine Em'ironment. Al'ademie Press. New Yurk , pp. 3{)9 - 346. 
ZanakLN.P. (1983) Ingestion rates (I f some Daphnia spC'(.'ics in a sha llow lake (Lake Bahuon, Hungary) 

1m. Rc\'Ut' Xes. Hytlrohiol .. 68 , ~27 - 237 . 

Rect'iI,td May /985; ul'cepfed Dt'I"f!mber 1985 

352 


	HAV6 001
	HAV6 002
	HAV6 003
	HAV6 004
	HAV6 005
	HAV6 006
	HAV6 007
	HAV6 008
	HAV6 009
	HAV6 010
	HAV6 011
	HAV6 012

